The goal of the study is to answer the question of whether the current processes of technological change and innovation within the agri-food system could help to increase its sustainability. Four strands of literature are used to unveil the nexus between sustainability and innovation: models of technical change and innovation, sustainability definitions, agroecology as a science and political movement, and the conceptualization of food regimes. The results indicate that innovation processes in the system follow two innovation trajectories, leading to two different food regimes, with opposite effects on sustainability. Since market forces push towards the less sustainable regime, adequate interventions are required in order to assure the sustainability of the system.
Introduction
The agri-food system has recently undergone profound changes under the thrust of innovations that, until just a few years ago, had been difficult to predict. The twenty-first century system is extremely different from that of the end of the previous century. The technologies developed in the field of genetics, new materials, and communication have in fact revolutionized the way in which food is produced, marketed, and consumed. The very idea of food has changed, turning from that of a trivial consumer good needed to fulfill basic human needs to that of a commodity closely connected to human health, to the preservation of the environment, to social justice, and to the development of new economic activities.
In the face of material changes, there has been limited research effort that attempts to describe and interpret technological changes so as to allow adaptation of the institutional framework in a way that both tackles the negative side effects of innovation (minimizing innovation risks) and allows society to fully benefit from it (maximizing innovation benefits).
Currently, the discourse on innovation in the agri-food system takes for granted that innovation is meant to seek the twofold objective of increasing sustainability whilst meeting the increasing demand for food associated with the rocketing world population [1, 2] . That is to say that innovation should help to address the two main grand challenges of our time, i.e., protecting the environment and reaching food security at a global level.
Over the last few years the debate on innovation in the agri-food system has been increasingly associated with the issue of sustainability. In the EU the emphasis on sustainability is part of the rhetorical discourse surrounding environmental issues, which have led to the changing of the wording of EU economic policies without changing the previous sole objective of enhancing growth and competitiveness. In this regard, it is worth noting that in 2012, in the EU budget, the heading "cohesion and competitiveness for growth and employment" was replaced by the heading "sustainable growth".
While governments (such as the EU) and international development agencies (such as the FAO and the OECD) seem to sustain many forms of innovation, ranging from digital technologies and nanotechnologies to local product marketing systems, vertical agriculture, and bio-farming, some scholars have shown how conflicts exist among these diverse innovations and how some of them could pose high societal and environmental risks. Two divergent visions of innovation in the agri-food system may be identified: the life science vision, which is consistent with the agro-industrial model and is part of the dominant Western countries' policy discourse, and the perspective of agroecology, which is politically and academically marginalized. These two competing visions have also been indicated as divergent socio-technical paradigms of agricultural innovation [3, 4] . This paper seeks to give an account of theoretical approaches and assessment frameworks useful to help answer the question of whether the undergoing innovation processes in the agri-food sector may help increase its sustainability. Four strands of literature are referred to in order to unveil the nexus between sustainability and innovation: models of technical change and innovation, sustainability definitions, agroecology as a science and political movement, and the conceptualization of food regimes. The offered analysis of the proposed topics is genuinely qualitative and descriptive in nature. It does not attempt to offer a complete review of the literature concerning the topics dealt with, nor to identify complete and theoretically robust analytical frameworks. Both such objectives would require a massive research effort that is beyond the resources available to the author. Instead, the work attempts to identify some aspects of the innovation processes in the agri-food sector that would urgently require tackling at the analytical, descriptive, and normative levels. The final goal is to contribute to raising a critical debate on the issue of innovation and sustainability in the agri-food system.
Materials and Methods
In order to answer the question of whether the current processes of technological change and innovation within the agri-food system could help to increase its sustainability, a tentative framework was built to assess, at a purely qualitative level, the foreseeable contribution of the current innovation processes to the sustainability objective. The framework was built through a joint reading of the concept of sustainability, the theories of technological change and innovation, and the food regime theory. First, the concept of sustainability was briefly reviewed to identify the definition that is generally accepted in the associated literature and commonly shared by scholars, policy makers, and businesses. Secondly, the main theories of technological change were reassumed in order to identify the conceptual tools that would seem more suitable to analyze the current innovation processes in the food system. Thirdly, the concept of a food regime was used to identify the presence in the system of adequate incentives to drive innovation processes towards sustainability goals. The obtained framework has no analytical purposes; it only helps to develop a reliable narrative of how innovation and technical change might possibly push the system towards sustainability. It is merely an attempt to initiate a discourse on the political and institutional changes required for science and technology to serve all people, now and for future generations.
Defining Sustainability
The concept of sustainability has been at the center of the environmental debate since a definition of sustainable development was given by the Brundtland Commission in 1987: "Development that meets the needs of current generations without compromising the ability of future generations to meet their needs and aspirations" [5] . Since then many definitions and conceptualizations of sustainability have been offered in literature. One famous and everlasting concept is that of the Triple Bottom Line (TBL), which is a sustainability-related construct coined by Elkington [6] firmly maintaining that sustainability should be conceived of and assessed with reference simultaneously to the three environmental, economic, and social spheres. Following the TBL, sustainable development has been viewed as the overlapping area among three development dimensions [7] : economic (i.e., economic growth, private profits, market expansion, and externalized costs), ecological (i.e., carrying capacity, sustainable yield, resource conservation, and biodiversity), and community (i.e., local self-reliance, basic human needs, equity, participation, social accountability, and appropriate technology).
Ethical and political implication of sustainability have also been investigated. Some authors have shown that an ethical pragmatism, rather than universalism, would better accommodate sustainability policy choices [8] . Moreover, while biocentric and ecocentric ethics cannot be totally dismissed without compromising sustainability, it has been argued that an anthropocentric ethic is more likely to find wide social consensus [9] . With respect to the political issue, there is a general agreement on the role of a real participatory democracy, meaning that a community-based bottom-up approach, deliberation and democratic decision making are necessary ingredients for attaining sustainability [8] .
Enhancing sustainability has become over time a high priority objective stressed roughly in any strategy and policy plan set out both by public and private institutions (at local, national, and international levels). For instance, transnational companies (TNCs) in their annual reports addressed to their stockholders and stakeholders usually quote their commitment to sustainability, with examples of concrete policies allegedly carried out to make their activities more sustainable [10] . Notwithstanding the will (be it genuine or otherwise) to achieve sustainability goals, the latter are almost never reached either by the private or by the public sector. With respect to public institutions the reason lies in the many trade-offs within the policies meant to pursue sustainability. Generally, economic objectives are inconsistent with not only environmental but also social objectives. Sustainability involves equity (so closely that the two concepts depend upon each other), i.e., fair resource distribution among generations as well as among individuals and nations (and in its broader ecological definition, among different forms of life and ecosystems) at the present time. However, equity is an ethical issue that, at least with reference to orthodox economics, is not part of the economic sphere. At the same time, there is the well-known conflict between economic objectives, such as growth, and environmental objectives, such as constraining polluting production processes.
With respect to the private actors, sustainable objectives should be pursued through consumer and/or corporate social responsibility. That is, consumers and firms, freely, voluntary, and independently from one another, should renounce consumptions and profits in order to avoid adverse effects on society and the environment. It is easy to understand the limits of social responsibility. On empirical grounds it is evident that if economic agents had acted responsibly, we would not been experiencing such high resource and environment depletion. On theoretical grounds it is inconceivable that socio-economic models be built that simultaneously need assumptions of strong rationality and selfishness alongside weak rationality and reciprocity; one must choose, and choosing the second assumption means abandoning the neoclassical approach, a choice that does not yet seem to be on the agenda of the leading economists and policy makers [11] .
Innovation Theories
Economic development is based on technological change and innovation. According to neoclassical economics, technology, constituting the very same production functions, is responsible for the production possibilities and for input productivity. It is supposed to be exogenous to the economic sphere, belonging instead to the scientific and societal sphere; as a consequence, economists only have to study the effects of new technologies in terms of new market equilibria; i.e., in terms of level, composition, and price of the production. Nothing is said of the source of innovation. Schumpeter has been considered the first economist to put the technological issue at the center of economic theory. He showed how technological change and, more generally, innovation (through the process of creative destruction) are the vital energy that allows capitalist economies to function and flourish. The Schumpeterian lesson, however, took decades to stimulate the theoretical debate on the topic of technological change. It was only in the 1960s that economists began to carefully analyze the phenomenon of technological change. The first theoretical development was within the neoclassical approach, through the models of induced technological change [12] ; such models explained technological change either as demand pull driven or as a response to relative prices of production inputs (technological innovation would allow users to raise the productivity of the input that is becoming scarce and costlier). In the late 1970s and early 1980s, Nelson and Winter, fully reaping the legacy of Schumpeter and within the heterodox economic research program, introduced the evolutionary approach. This builds on the behavioral theory of the firm in order to describe technological change as the search for better techniques and the selection of successful innovations by the market, according to a natural technological trajectory [13] or technological paradigm [14] . At the same time that Nelson and Winter, Arthur, and later David developed a third approach [15] to the analysis of technological change, the theory of path dependence, which well applies to technological innovations characterized by network externalities and increasing returns to scale, emerged. Central to this theory is the concept of technological lock-in; once a technology is chosen, even if there are better technologies available, due to positive network externalities, it becomes the best choice for other users as well. Positive network externalities exist if the benefits (or, more technically, the marginal utility) are an increasing function of the number of other users. In the 1980s and 1990s, Freeman and Perez [16] offered a fourth more encompassing narrative of the interrelationships between technological change and economic growth, by elaborating the concepts of technology systems and technological revolutions. A technological revolution represents a shift to a new technological paradigm, where an innovation, which is at the same time radical and generic, spreads to many sectors, giving rise to clusters of derived innovations that form technology systems. The latest revolution, which ushered the system into the current ICT (Information and Communication Technology) technological paradigm, has been determined by the propulsive force of ICTs, and follows the previous petrochemical technology-based revolution. "The technology systems, grouped in a technological revolution, overlap and generate externalities and markets for each other, thus influencing the direction of further innovation. Technological revolutions are clusters of interrelated technology systems that only merit the term 'revolution' because they extend far beyond the boundaries of the new industries they introduce. Such surges of change eventually transform the rest of the economy, elevate the expected level of productivity across the board, rejuvenate mature industries and open new innovation trajectories, not only within the new technologies, but also through their application to rejuvenate all the other industries and activities" [17] .
These four approaches stem from the rediscovery that occurred in the 1980s of the old institutionalisms, which led to the development of new research agendas in the field of economics, such as evolutionary economics, neo-institutionalism, and economic sociology. Nevertheless, while all of them accept the three basic pillars of the institutionalist approach (the rejection of methodological individualism, and the acknowledgment of bounded rationality and social embeddedness of the economic activities), they differ with respect to the degree in which they accept putting socio-institutional variables at the very core of the economic inquiry and therefore recognize the importance of ethical (struggle over value judgments) and political (struggle over power detention) choices in driving techno/economic trajectories. In this respect, the fourth approach is the one that goes furthest towards embracing the institutionalist approach. Finally, a fifth approach is to be mentioned, again developed in the context of heterodox economic theories, but more specifically in the context of critical theories in the same vein as Marxist and structuralist perspectives, which flourished in the first half of the twentieth century. Within this approach, Noble [18] and Feenberg [19] have highlighted the political dimension of technology, questioning the ideology of technological determinism and exploring the way in which technological innovation affects and is affected by power relationships within society.
Unlike the limited interest at the theoretical level, at least until the last quarter of the twentieth century, the issue of technological change has instead often been addressed at the policy level. In many countries, there has been an active role of the state in promoting science and research and development (R&D) activities, the latter being considered key sources of economic development and national economies competitiveness. In particular, the agricultural sector has historically been the target of heavy public investments in R&D, through specifically dedicated government bodies. In the U.S, The Agricultural Research Service (ARS) of the U.S. Department of Agriculture (USDA), and in the EU the Common Agricultural Policy (CAP) are outstanding examples of such state engagement in agricultural research. The U.S. has also funnelled agricultural research funds into less developed countries, helping to establish important international research institutions such as the IRRI in the Philippines, the IITA in Nigeria, the CIMMYT in Mexico, and the CIAT in Columbia. International organizations such as the WB, FAO, and UNDP have also historically engaged in agricultural research with the formation, for example, in 1971 of the CGIAR. However, it is worth noting that in the same period in which a theoretical interest in the issue of technological change and innovation started to flourish, state intervention all over the world started to decline. At the end of the 1980s, the public sector support for both national and international food and agricultural research began to substantially decline [20, 21] .
Food Regime Theories
The food regime approach has addressed the issue of how the evolution of the agri-food system is inscribed within the larger process of capitalistic accumulation. Even if such approach does not try directly to explain the linkages between sustainability and technological change, it nevertheless uses a transdisciplinary institutionalist-like approach that turns out to be very helpful to that end.
Literature on food regime, inaugurated by Friedmann [22] [23] [24] [25] , is anchored to the theories of the world system and of regulation and was first elaborated within the research field of international relations and international political economy. Currently, it is an interdisciplinary approach, encompassing the fields of economics, history, politics, sociology, and law [26] . Friedman's basic definition of food regime is "a rule-governed structure of production and consumption on a world scale" [23] ; accordingly, a particular food regime is characterized by a hegemonic power that is able "to dictate the rules."
So far, three food regimes have been described: the "Settler-Colonial" regime, spanning between 1870 and 1914, led by Britain with its policy of cheap food; the "Surplus" regime, between 1945 and 1973, led by the United States, which, under the umbrella of food aid programs, invaded their informal empire of postcolonial states with their food surpluses; and the neoliberal food regime (sometimes also referred to as "food from nowhere" regime or "corporate" food regime [27] , where the hegemonic powers are no longer nation states but the large TNCs controlling the global food chains. It is with reference to this last regime that the relationship between sustainability and innovation has to be investigated.
The neoliberal food regime has been shaped by the four credos of neoliberalism-deregulation, international trade liberalization, reduction of public expenditure, and privatization-which have produced a new international food order, characterized, inter alia, by [26] : (1) a high level of consolidation at the manufacturer and retail level, with a dramatic rise of corporate power; (2) an international division of labor based on the organizational features of global food commodity chains, with the rise of export zones in the global south and the displacement of independent producers and small scale agriculture; (3) an increasing market differentiation, with low-quality mass products alongside "high-tech/high quality" rich products; (4) new technologies and intellectual property rights as the new frontiers for profit extraction; (5) the accelerated depletion of natural resources, with a global food system increasingly dependent on oil and massively contributing to climate change [28, 29] .
While the previous regimes were undermined and overcome by changes in the balance of power at the geopolitical level, it is still not clear what will bring the neoliberal regime to its turning point. There are at least three fields where conflicts and a sudden market structure and strategy changes might lead to a regime change.
The first area of conflict is along the food supply chain for the leadership of the marketing channel. A characteristic of the neoliberal regime has been the subversion of competitive equilibria along the marketing channel, with retailers gaining disproportionate bargaining power in vertical relationships with their suppliers; as a consequence, food manufacturers have lost their dominant position, which had previously guaranteed high profits due to the exercise of monopolistic and monopoly power. Currently, retailing chains risk losing their strategic and economic power for the benefit of E-commerce companies, which are absorbing a rapidly increasing share of food purchases. Moreover, the new marketing tools that are being created through the use of big data platforms and the associated information technologies could trigger unexpected moves by big players at every stage of the marketing chain; mergers, acquisitions, and strategic alliances at horizontal and vertical levels could dramatically reshape power relationships along the food chain.
The second area of conflict and strategy change is at the top of the food chain, among agriculture input suppliers. Here the traditional division between agro-chemical, seed and farm machinery industries is becoming increasingly blurred. Whereas in the neoliberal regime the genetically modified (GM) seed technology has spurred the takeover of plant breeders by pesticide manufacturers, the new digital and biological technologies could create incentives for conglomerate consolidation, uniting agrochemical, fertilizer, seed and tractor industries [30] .
The third area of conflict refers to social preferences and cultural changes and is linked to the ecological awareness that has become widespread in society at large, in public institutions, and in political discourse. In this regard, the popularity of the concept of sustainability represents the material consolidation of a cultural and political path that begins with the first ecological battles of the seventies. It should be noted that the neoliberal regime has seen the simultaneous strengthening of two opposing fronts: on the one hand, the big corporations responsible for major environmental problems and on the other the environmentalist front consisting of public and private organizations engaged in various sectors of society and economy. These two fronts consist of opposite visions of society and life with different ethical values and political views. In order to resist the agribusiness power, the environmentalist front has hinged upon many organizational and cultural experiences: the rise of grassroot movements, such as urban farming or the Via Campesina and the project of Food Sovereignty; new food styles, such as vegetarianism and veganism; new food ethics, such as anti-speciesism; new agricultural production methods, such as organic and biodynamic agriculture; new agricultural-related disciplines, such as agroecology; and new marketing organizations based on environmental and ethical certification, such as fair trade, short supply chains, and consumer groups buying locally produced food.
While the first two areas of conflict are generated by the innovation opportunities given by digital technologies, the third area of conflict is generated by the general acceptance of the criterion of sustainability as a guide for social and economic organization.
Scholars of food regimes have identified the possible trajectories of change stemming from the third above-mentioned conflict, i.e., the one stemming from the sustainability concept. At the global level, Friedman has envisioned the possibility of social movements proposing agroecology and food sovereignty in order to seriously challenge the neoliberal food order, but without giving an accurate account of what the new food regime might look like. At the European level, Levidow [3] has suggested two possible trajectories: a corporate-environmental food regime vs. the agroecological alternative. According to this author, the corporate-environmental food regime could be backed by the two agendas set by the EU under the umbrella of sustainability, the bioeconomy agenda, and the sustainable intensification project; while the first marginalizes agroecology, the second incorporates it as one of the "green" practices, which include biotechnologies and nanotechnologies, meant to pursue sustainability. Whichever agenda is chosen, the corporate-environmental food regime reinforces the neoliberal productivist narrative, promoting technological innovation and thus increasing productivity in view of the rising world population. On the contrary, the agroecological alternative addresses the "feeding a growing population" problem from a larger perspective, recognizing poverty and social inequalities (among genders, classes and races) as well as environmental degradation as the main issues to deal with in order to guarantee universal access to food. In this perspective, the displacement of corporate power over resources and markets, along with socio-political reforms for fostering social justice, is as important as ecological agronomic practices to assure food security.
Technological Change and Innovation in the Food System

Technological Change and Innovation in the Agri-food System: Where We Are
Historically, the activities devoted to the production of food have undergone many technological changes. Changes occurred over the last two centuries have been widely studied. Throughout the nineteenth century, the main technological innovations were the horse drawn machines with the introduction of important mechanical innovations such as mowers, mechanical reapers, and threshing machines. Agricultural marketing also underwent major changes with the first canned food entering the market, the rise of commercial agriculture, and the gradually demise of family-oriented farms in more developed countries. At the beginning of the twentieth century animal power was gradually replaced by the new fuel-based sources of energy, with the first prototype of the gasoline tractor built in 1892. In the same period, there were many technological innovations in food processing and marketing, with the introduction of new forms of packaging, the increase of long-distance trade, and the new food retail formats accompanying the ongoing urbanization processes. The major, long-lasting, technological changes of the last century were referred to as the green revolution, based on the use of new highly productive varieties of wheat and the extensive use of chemicals as both fertilizers and pesticides. The green revolution, characterized by capital-intensive production processes, led to an extraordinary increase in productivity. In the USA in 1860, 1 farm work could feed 4-5 persons, which became 22.8 in 1957 [31] . At the end of the last millennium, biotechnology brought the main technological changes into the agri-food sector, followed in more recent years by nanotechnologies and digital technologies.
While it is easy enough to recall the main technological innovations that have affected the food sector over the past two centuries, it is rather difficult to evaluate their effects on the economic, political, social, and environmental spheres. It is beyond the scope of this paper to even roughly mention some of the literature on the history and the assessment of technological change in agriculture. The focus will be instead on the current processes of innovation and their effects in term of sustainability.
Different strands of literature give slightly different meanings to the word innovation. Here the reference will be to the Schumpeterian definition, which makes a distinction between invention, innovation, and diffusion. While the invention of a new product or process occurs within the techno/scientific sphere, an innovation is an economic fact. When an innovation meets positive economic outcomes a process of diffusion starts; a vast diffusion is what really transforms what was once an invention into a socio/economic phenomenon. Thus, "inventions can occur anytime, but not all of them become innovations and not all innovations diffuse widely (,) which means that the world of the technically feasible is always much greater than that of the economically profitable (,) and this, in turn, is much greater than that of [the] socially acceptable" [32] .
In describing the innovation processes, we also accept the periodization given by Perez for the five technological revolutions that have occurred since 1771, with each revolution leading to a new technological paradigm. After the age of oil and the post-war golden age, which entailed the green revolution at the agri-food system level, at the beginning of the 1970s, the ICT revolution ushered the global socio-economic system into a transitional era. According to Perez [32] , this transitional era would hopefully lead to the sustainable, global ICT golden age, i.e., an age where a new period of prosperity is fed by the digital innovations at the technological level and by the endorsement of the sustainability concept at the sociocultural and institutional/policy level. "The aspiration to 'green' combined with the technologies of ICT has resulted in the gradual emergence of what we call a 'smart green lifestyle'" [33] .
The last technological revolution occurred simultaneously with a political revolution, the advent of neoliberalism, and a socio-cultural revolution, which brought the environmental issues to the attention of society at large and gave birth to the concept of sustainability.
Given these premises, the innovation processes in the agri-food sector need to be situated in the current ICT technological paradigm and in the current dominant political system (neoliberalism) and with reference to the influence that the concept of sustainability is having at the socio-cultural level. It is, however, important to keep in mind that, while digital technologies and neoliberalism have already reached a hegemonic position, sustainability still occupies a marginal position, since it is not a well-accepted concept (nor a guide for policy design) by some sectors of society and is sometimes misunderstood even by those praising it. Moreover, it is also used in deceitful ways by actors, often large companies, trying to "green" their public image.
In what follows, first a presentation of the major agribusiness-driven innovations available for the agri-food sector is offered, showing their possible negative outcomes in terms of sustainability. Secondly, the agroecology alternative is proposed as a possible, more sustainable innovation trajectory. Third, a discussion is offered on how economic organization and competitive equilibria in the food system, and the accelerating innovation processes occurring in the digital technology system, disadvantage agroecology as a viable alternative to an environmental-corporate-led food regime. The concluding remarks contain policy suggestions. Table 1 presents a list of innovations already adopted or ready to be launched in every stage of the food supply chain. The list does not contain references to agroecology-based innovations, which will be dealt with in the next section. It is generic and presents the innovations most often discussed by the popular press, given that recent reviews are only available for some sectors [34, 35] . An analysis of these innovations starting from the extensive literature of economic innovation theory is beyond the objectives of this study. Nonetheless, in the table the quoted innovations are tentatively classified with respect to two widely used criteria of radical (vs. incremental) and product (vs. process) innovation, which are only some of the criteria used within the managerial theories of innovation sprouted from the seminal work of Drucker [36] . Radical innovations are those which have significant impacts on market equilibria and economic activity; they may entail high benefits but also high risk and are often the consequence of important scientific and technological advancements. As reported in Table 1 , most of the ITCS-related innovations in the food sector tend to present the features of radical more than incremental innovations.
All the listed innovations use at least one of the technologies that have been most affecting the food system in recent years: biotechnologies, nanotechnologies, and digital technologies (the latter including both "hardware" components and software components such as artificial intelligence, blockchains, and big data processing systems). Since progresses in biotechnologies and nanotechnologies also depend on the increasing data processing capabilities, these three areas of innovation may all be considered as three technology systems inscribed within the ICT revolution referred to by Perez. It is very difficult to ascertain how much these innovations may be able to raise the food system's sustainability, since to that end each of them would require a case-by-case benefit-risk assessment. Nevertheless, it is possible to sketch some possible negative outcomes in terms of sustainability that seem very likely to occur given some innovation risks and the current economic and political situation.
Reviewing digital innovations in agriculture, food processing, distribution, and consumption, Bilali and Allahyari [37] explore the contribution of ICTs to transition towards sustainability along the food chain. They highlight the benefits, in terms of increasing resource productivity, reducing inefficiencies, decreasing management costs, and improving food chain coordination, but also point to drawbacks of ICTs as well as the factors limiting their uptake in agriculture. Providing potential negative impacts of ICTS, they quote: problems of e-waste in rural areas, increasing control of food markets by few multinationals, disconnection between producers and consumers through virtual relations, increasing dependency on technology, and risk of exclusion of small-scale and computer-illiterate producers, especially in developing countries [38] [39] [40] . Concerns about the marginalization of small-scale producers have also been raised in literature studying the adoption of precision agriculture technologies (PATs). While PATs can have positive impacts on farm productivity and may help to mitigate greenhouse gas emissions [41] , their adoption has been reported to be positively associated with farmers' income, farmers' education, and familiarity with computers and farm [42] ." Innovation risks may arise at environmental, economic, and social levels. Environmental risks are mainly associated with nanotechnologies and biotechnologies. New forms of non-degradable pollutants, a loss of biodiversity, ecosystem disruptions (particularly reported for gene drive technologies), an increased resistance of weeds, soil depletion, potential toxic effects on non-target organisms (for instance in the case of microbial pest control agents (MPCAs)), damage to soil structure and fertility, and a reduction of microbial biomass and diversity are all risks that have been reported for nanotechnologies [43, 44] and biotechnologies [45] .
Economic risks may be associated with innovations in all three technological areas (bio, nano, and digital) and arise from [46, 47] (1) the possible disruption of markets (for traditional products that are replaced by innovative products), (2) the displacement of workers due to a more capital-intensive mode of production, and (3) the further consolidation of food systems, with the largest corporations better able to exploit the profit streams from the patents on the new technologies.
Social risks may be more difficult to perceive. The generally reported social risks associated with the technologization of the food system are: (1) the possible negative health effects (due to the presence of toxic substances-from new materials, additives, bioengineered organisms, and new pesticides-in food and the environment and to the loss of healthy traditional food styles), (2) the loss of food sovereignty by local communities and entire countries, (3) the exacerbation of social injustices due to the uneven distribution of the negative health and economic impacts of new technologies due to gender and social classes inequalities, and (4) the loss of privacy and the decrease of autonomy and self-determination in consumer behavior (in relation to the use of personal data for marketing purposes achievable with digital technologies).
All of the above-mentioned risks require the implementation of careful risk analysis and management policies by both the public and private sectors. Moreover, the decision about the level of risk to be borne should be taken in a democratic context, with a high degree of knowledge and awareness on the part of citizens and using participatory decision-making tools. Unfortunately, many constraints at political and economic levels all over the world curtail the capability of states and societies to effectively tackle the innovation risks.
At the political level the main obstacle comes from the still lasting neoliberal ideology that has been shaping the world's societies and economies for more than four decades. Deregulation and privatization being its pillars, neoliberalism has renounced the more effective regulatory instruments that can be used to protect society from innovation risks (such as standards, accurate premarket risk assessment, strong liability laws, and so on) and has instead promoted private regulation, which has given corporations the power to set the institutional stage that fits their vested interests instead of social well-being [48] .
At the economic level, the current presence of three factors is likely to hinder more than promote risk prevention policies. First, there is the extremely high unequal distribution of wealth, which weakens the ability of most people, striving to meet their basic needs, to fully understand technological risks and to call for adequate prevention measures. Second, there is the fast-rising level of concentration in many economic sectors. This is associated on the one hand with aggressive competitive policies, where the requested speed of innovation leaves no room for careful risk analysis, and, on the other hand, with the preference given to shareholders instead of stakeholders at large, with the goal of inflating the value of companies for merger and acquisition purposes. Third, there is the strong interlinkage between national economies. The trade liberalization of the 1990s and 2000s entailed deregulation choices to eliminate non-tariff barriers, which ended up lowering the level of environmental protection. The recent return to protectionism initiated by the Trump administration seems to make things even worse, disrupting the existing scant international cohesion to cope with global risks. The disappointing results of international climate change negotiations (COP24) held recently in Katowice are an outstanding example of such dynamics.
Agroecology as An Alternative Innovation Trajectory for Fostering Sustainability
The term agroecology was originally used with reference to the application of ecology in agriculture, therefore designating a scientific discipline that somehow merges agronomy and ecology. Agroecological research concerned the comprehension of the interaction between ecosystems and agricultural practices aimed particularly at finding an innovative means of plant protection. From the 1970s, agroecology continued to be defined as a scientific discipline but also emerged as a movement within the then sprouting environmentalist movements [49, 50] . Currently, agroecology can be thought of as science, movement, and practice; it aims at a sustainable food system, questioning the agribusiness model with its negative environmental and social impact [51, 52] . Agroecological farming practices seek to optimize ecological processes, thus minimizing the need for external inputs by providing an array of ecosystem services such as biodiversity maintenance and soil fertility enhancement [53, 54] . Intercropping, agroforestry, wildflower strips, and conservation tillage are examples of agroecological practices that nevertheless, to be effective, need to be adapted in the local context through the development of tailor-made practices integrating general scientific principles with farmers' knowledge of the specific pedoclimatic, social, and economic context. Agroecology is also important for the achievement of the objectives set within the climate-smart agriculture perspective [55] .
As a social and political movement, agroecology fights the power of the agribusiness by promoting short food supply chains that reconnect producers and consumers, and therefore food, with agriculture again. Experiences such as community-supported agriculture are considered advanced models for sustainable food systems [56, 57] . Agroecology has been described as a technological paradigm alternative to the genetic engineering and ICT paradigm. The two paradigms would differ with respect to their objectives (engineering systems vs. engineering plants) and to the scientific paradigm on which they rely (ecology and holism vs. reductionism) [58] .
Innovation is at the core of the agroecology project, but the desired innovation processes are very different from those featured by the agribusiness-led model. In the latter, innovation is produced by technologically advanced actors of the food chain, such as the biotechnology, nanotechnology, and machinery industries, and "offered" to the other more traditional actors, such as agriculture and food manufacturing. The agroecology model instead features a process of co-innovation, which combines both scientific and traditional knowledge that complement and reinforce each other. Farmers need to be placed at the very center of such a process of co-innovation, through bottom-up and territorial processes, helping to deliver contextualized innovative solutions to local problems [59] . To that end, it is important to foster knowledge exchange and share practices, and to create opportunities for collaboration and innovation.
As recently stated in an FAO document [60] : "By enhancing their autonomy and adaptive capacity, agroecology empowers producers and communities as key agents of change. Rather than tweaking the practices of unsustainable agricultural systems, agroecology seeks to transform food and agricultural systems, addressing the root causes of problems in an integrated way and providing holistic and long-term solutions. This includes an explicit focus on social and economic dimensions of food systems. Agroecology places a strong focus on the rights of women, youth and indigenous peoples."
In the same document, FAO recognizes that agroecology has the potentiality to guide countries to transform their food and agricultural systems, to mainstream sustainable agriculture on a large scale, and to achieve Zero Hunger and multiple other SDGs. To this end, the following 10 elements of agroecology should be preserved:
• "Diversity; synergies; efficiency; resilience; recycling; co-creation and sharing of knowledge (describing common characteristics of agroecological systems, foundational practices and innovation approaches).
• "Human and social values; culture and food traditions (context features).
• "Responsible governance; circular and solidarity economy (enabling environment)" [60] .
Notwithstanding its high sustainability potential, due to its capability to encompass all three dimensions of sustainability, agroecology might pose two kinds of risks. The first is the economic risk for economic actors (and communities) who choose the slower innovation process proposed by agroecology; these actors could lose competitiveness with respect to actors following the agribusiness model, and even risk being out the market. The second is the environmental risk associated with the slow pace and local specificity of innovation processes; this means that, in the face of the fast and pervasive environmental degradation due, for example, to global warming, agroecological solutions could come too late and be applicable only in some places. On the contrary, the one-bullet solutions proposed by the agribusiness model, whenever effective and devoid of negative side effects, could offer fast solutions in many places. Therefore, the risk exists that staking everything on agroecology could divert research funds and efforts from alternative technological solutions and limit, for instance, the full exploitation of possible nano and biotechnology benefits. In any case, both these risks could be tackled through (1) a regulatory system requiring more risk assessment of new technologies, thus slowing the introduction of agribusiness-led innovations and enabling a level playing field competition between the two innovation models, and (2) assuring that science plays its due role in the co-innovation processes of agroecology, thus also allowing bio-nano and digital technologies to contribute, whenever possible, to the agroecology project.
Moving Forward: The Coming Food Regime
The sketched characterization of the two described innovation trajectories (the agribusiness-led and the agroecology innovation trajectories) may seem too simplistic and categorical, considering that certain technologies such as the use of MBAs can be consistent with both. Nonetheless, such a characterization, which shifts the attention from the type of innovation itself to the actors responsible for innovation, helps to foretell where power will reside in the next food regime and therefore the regime's structural and institutional features. The agribusiness-led innovation trajectory may lead to the environmental-corporate food regime (ECFR), where power would continue to be owned by large corporations. The agroecology innovation trajectory instead may lead to the agroecology food regime (AEFR), where power could be returned to the people.
The ECFR would retain the characteristics of the neoliberal regime but with changes in structure, firms' strategies, and power relations caused by technological innovation (nano, bio, and digital innovations). Processes of deregulation, privatization, and financialization would continue. Trade liberalization would be practiced along with bilateral trade wars. Inequality in wealth distribution would continue to grow. Consolidation processes would continue, but leading actors might change in response to the phenomena of "creative destruction" caused by technological innovation. The food supply chain would probably be led by the companies better able to master the new digital technologies. Food would increasingly be engineered with a growing distance from agriculture and an increasing risk of people losing knowledge of the basic simple processes of food growing and processing. The ECFR would be unlikely to improve sustainability since it would embrace the same unsustainable business-as-usual philosophy, overlooking the environmental and social dimensions of sustainability.
The AEFR, instead, would imply overcoming the neoliberal creed together with many tracts of the neoliberal food regime. It would entail the slowdown of privatization processes by limiting patents, redistributing land property, and ensuring that local communities have the right to decide on the use of the natural resources of their territory, considered as common pool resources. It would also entail the introduction of appropriate regulatory systems to safeguard the environment and protect against the risks of new technologies. A priority would be to reintroduce and maintain knowledge of the food growing and processing methods in order to respect the principles of food sovereignty. The AEFR would probably assure a higher degree of sustainability, since it explicitly endeavors to integrate the three components of sustainability, i.e., economic, social, and environmental. Nevertheless, it would be the less likely food regime to succeed, since the scale pan between its weaknesses and strengths hangs in favor of the weaknesses, which is the opposite of what happens in the case of the ECFR. Table 2 summarizes the main strengths and weaknesses of the two regimes. What immediately emerges is that the points of strength of the ECFR are associated with phenomena and dynamics that are already operating in the system. A growing consolidation of the system is clearly already occurring. Table 3 reports the top five companies' worldwide market share for agricultural input industries, following the recent Bayer-Monsanto merger. The concentration in these sectors is impressive, but concentration is high towards the bottom of the food chain, with the first four companies controlling 90% of the grain trade sector and the top 10 companies of the food and beverage processing industries controlling 37.5 share of the world market. Food retailing is also very concentrated in many countries, such as in Germany, with the top four concentration ratio equal to 85% [30] . However, the most worrying processes of consolidation are those involving vertical integration and conglomerates, which are much less monitored by the antitrust authorities than horizontal concentration [61] . These new processes of consolidation are being spurred by the technologies of the big data platforms. Over the last years, all major companies in the food chain have been storing huge quantities of data and acquiring small software, drone, and digital intelligence companies. At the same time, they have been investing to develop machineries, seeds, and chemicals that may be integrated in data-dependent precision agriculture technologies; as a consequence, there are incentives to intersectoral merges and acquisitions. Farm machinery companies such as John Deere, AGCO, and CNH already have alliances with seed, pesticide, and fertilizer companies; Bayer has alliances with all of the major farm machinery companies and is heavily investing in crop nutrients [59] . Major companies are fighting to control the two hubs stemmed from technological innovation: "the software hub that coalesces the genomics information expressed by plant seeds and livestock breeds; [and] the hardware hub, around farm machinery, which can coalesce the data from every production location and forward it whenever it wishes and for whatever use" [62] . New actors are also entering into the supply chain. Venture capital has shown growing interest in new hardware and software agricultural technologies. Famous but unexpected giants like Amazon, Alibaba, Google, Microsoft, and Tencent are extending their activities into the food sector, and powerful financial players like BlackRock and Blackstone already control significant shares of stocks of large companies like Monsanto, Bayer, Dow, DuPont, and Syngenta [63] . The consolidation processes are driven by digital technologies, which means that the ECFR can be considered to be embodied in the current technology paradigm following the ICT revolution. This is another strength of the ECFR because it can take full advantage of the network externalities and scale economies characterizing the diffusion of digital technologies, which leads to a situation of lock-in and path dependence, making the ECFR invigorate and develop through self-reinforcing mechanisms.
Another strength of the ECFR lies in the possibility it could offer to firms to carry out profitable differentiation strategies. Currently, the food market is highly segmented, with a cheap and low-quality food segment, which includes the poorest consumers, and a plethora of high-quality food segments, tailored to wealthy consumers who exhibit a great variety of food preferences, namely for food that is defined healthy, fair, vegan, enriched, low-sugar, low-fat, local, organic, fine, gluten-free, exotic, luxury, and so on. Using all the potentiality of big data platforms, powerful food manufacturers and retailers, who have access to a huge amount of information on consumer preferences and food styles, can design a marketing mix that precisely matches the expectations of customers in every targeted segment, with price discrimination policies guaranteeing very high profits.
Lastly the ECFR is consistent with the political belief of neoliberalism, which is still dominant, and with the ongoing process of financialization of the world economy, so it does not encounter any obstacles from the regulatory bodies and the powerful financial institutions, which set the economy's rules.
The same elements that constitute strong points for the ECFR are, with a different sign, weak points for the AEFR. The opposition to corporate power (and therefore to consolidation and financialization processes) and to the extreme capitalistic accumulation endorsed by neoliberalism has placed the AEFR in a position of disadvantage in the current competitive and institutional framework. Contrary to the ECFR, the innovations proposed by the AEFR, which are not integrated within the dominant technology paradigm, do not benefit from positive externalities and scale economies. This, in turn, does not favor their introduction and diffusion. Finally, being tailored on the fulfillment of rights and equity more than on the value of consumers and profitability does not bear fruit, since the AEFR would offer a product variety that more than likely would not meet the consumer preferences that have already been shaped by the neoliberal food regime.
The points of weakness of the ECFR are mainly the area of conflict in the neoliberal food regime stemming from the growing awareness of the environmental problems as well as the diffusion of the principles of sustainability within the society and institutions, which generates opposition to the irresponsible business-as-usual behavior of firms in the food system. Consequently, strict state regulatory policies and low consumer acceptance of technology-related risks might shift the technology trajectory towards agroecology. Another weak point could come from excessively aggressive competitive strategies of companies, which could generate innovation failures and/or financial troubles, changing the course of the innovation trajectory.
A genuine commitment to sustainability is the only element of strength of the AEFR. Compared to the ECFR, which mainly takes into account the economic dimension of sustainability, the AEFR also tries to consider, and maybe even more so, the environmental and social dimensions of the phenomenon. Therefore, it is supported by international agencies having a strong commitment to social justice and environmental protection, as is shown by the recent statements released by the FAO in favor of agroecology [64] .
Conclusions
At first it was the green revolution, where improved seeds, agrochemicals, and mechanization were the driving technologies in the agri-food system. The current technological revolution, instead, is driven by digital technologies, which refers to ICT in its broader meaning, encompassing software-like components, such as AI, big data platforms, and blockchains, and hardware-like components, such as robots, drones, and sensors (electrical, biological, acoustical, and visual sensors, also using bio-nano engineered materials). In a way, GMOs, introduced in the 1990s, were still part of the previous innovation wave that was centered on the introduction of new seeds and chemicals. It is only since the late 2000s that the fast development in genetic engineering and synthetic biology enabled by new digital technologies has spurred the truly revolutionary innovations in the agri-food system.
In this paper, literature focused on sustainability, innovation, and food regimes helped to answer the question as to whether the innovation processes currently occurring in the food system are likely to improve its sustainability.
A tentative answer to such a question is that innovation processes in the system seem to follow two innovation trajectories, leading to two different food regimes, with opposite effects on sustainability. The first trajectory, driven by agribusiness, pushes towards the ECFR; this regime is very similar to the previous neoliberal food regime and therefore would probably follow its unsustainable pattern. The second innovation trajectory, driven by the agroecology movement, leads, instead, to the AEFR, which proposes highly sustainable food production and consumption patterns.
Innovation theories and the concept of sustainability both help to understand which forces are pushing towards one or the other regime.
The theory of technology systems and technological revolutions demonstrates that the current innovation processes in the food system, that for the most part belong to the agribusiness-driven trajectory, are situated in the ICT technological paradigm. This means that innovations in the food system are only partly chosen by actors in the system; they are, instead, largely determined by phenomena of network externalities, path dependence, and technology lock-in associated with the establishment of a new paradigm following a technology revolution. The fact that the innovation trajectory leading to the ECFR is fully consistent with the current technology paradigm is the main point of strength of the ECFR.
The concept of sustainability, on the other hand, helps to understand the forces that push towards the AEFR. The AEFR has the chance to succeed in contexts and conditions in which the concept of sustainability becomes deeply rooted in culture and society. In such cases, social forces would bring policy makers to build an institutional framework capable of shifting economic incentives towards the agroecology innovation trajectory, even within the ICT technology paradigm.
The leading economic actors within the food system are thus following an innovation trajectory, available within the ICT technology paradigm, that tends to exacerbate the unsustainable patterns followed by the previous neoliberal regime. The transition to the ICT paradigm is almost complete, and it would be difficult and even detrimental to stop its development. The opportunities offered by digital technologies might serve both the ECFR and the AEFR. Nevertheless, the innovations already visible and those in the pipeline clearly are going to feed corporate power, profit accumulation, and social inequality, with controversial effects on the environment; many technologies that seem to bring clear environmental benefits in the short term might have unexpected negative side effects and high risks in the future, some of which being even global and systemic.
Perez [32] has explained how a technology paradigm shift needs to be accompanied and supported by adequate institutional changes, which implies innovation within the political sphere, to be able to bring as many benefits as possible. Therefore, policy makers should design policy interventions that are adequate to make the ICT paradigm give rise to innovations that serve the agroecology movement and sustainability more than the vested corporate interests. If we examine more in depth the points of strength of the ECFR previously listed in Table 2 , it is possible to identify the following fields of intervention.
(1) Strengthening competition policy. Stricter laws should be enacted. More attention should be paid to vertical and intersectoral (conglomerates) M&As, anticompetitive effects of strategic alliance and collaborative relationships, vertical restraints, and coordination among antitrust authorities of different countries.
(2) Patent laws. These should be revised and adapted to the new technologies and their transnational diffusion and control. The objective should be to find the right equilibrium between their procompetitive effect (incentives to R&D investments) and their anticompetitive effects (monopoly power and innovation closure effects). International harmonization should be also considered.
(3) Strengthening environmental regulations. The neoliberal deregulation diktat should be overcome. Recovering the role of the state regulator would facilitate the achievement of environmental protection objectives and would also facilitate firms that would face a clear institutional framework. A greater importance should be given to inter-countries harmonization, without excluding the use of non-tariff barriers in the event of regulatory differences.
(4) Technology risk analysis. Technological changes involve many kinds of risks that are systemic and global [65] [66] [67] . Negative outcomes may be prevented through effective technology risk analysis. The last technological revolution, together with economic growth, has caused most of the environmental problems we are still struggling with today. Compared to the last century, we now have the tools and the knowledge for a more careful assessment and prevention of risks. What is lacking is the political will. An essential element of risk analysis should be the democratization of risk control, which in the first instance requires the knowledge and awareness of citizens. Unfortunately, many technology risks, especially those of social and political nature, are unknown to most people [68, 69] . In this respect, the public sector should ensure a higher level of education that embraces the knowledge of new technologies and the risks they pose.
(5) Funding public research. Substantial investments in public research are essential to curb the privatization of knowledge that is the basis of many social risks related to technological change.
(6) Poverty alleviation and food security policies based on the principle of food as a human right. Agroecology proposes a multifaced approach to reach global food security while preserving democracy and the environment. Technology is only one element of this approach. Economic justice and gender equality are other important elements. Food security may be achieved without pressing the accelerator on the commercialization of new technologies; it rather requires wealth redistributive policies and the fulfillment of women rights. The same demographic growth can be held back by fighting against poverty and defending the political, civil, and social rights of women. These objectives require cultural and institutional innovations, which require smart and wise human beings well before smart agriculture.
Finally, it is worth stressing that all the interventions suggested require a change in the dominant political belief, i.e., neoliberalism. Such a political revolution is more difficult to achieve than the technology revolution; nevertheless, there is room for a gradual shift that could be triggered by the further spread of the principles of sustainability. For sustainability to influence the political sphere, it is necessary to consider its three dimensions separately and clearly show and communicate the trade-offs that often exist between environmental, social, and economic sustainability objectives. When a trade-off occurs, a political and/or ethical choice is required. The role of the public sector is then to make decisions in a transparent and democratic way, involving all vested stakeholders and the citizens at large. The concept of sustainability has become a blanket that is too large, often serving to cover, instead of unveiling and tackling, environmental and social problems. Most documents by public and private institutions dealing with the environment and technology risk either forget to consider all three dimensions of sustainability or prefer to focus on one instead of the others and, in the case of a trade-off, do not make the politics underlying the choice explicit. Sometimes it would be more convenient to name one sustainability dimension at a time. How sustainability policies may very often pursue one goal at the expense of others should be investigated.
The sustainability assessment of current innovation waves in the food system is an issue, which has been given little attention thus far. This study has the credit of putting the complexity of such an assessment at the foreground and highlights the need to resort to multiple theories and approaches, such as sustainability science, innovation theories, and food regime approaches. An important result of the paper is the identification of the two alternative technology trajectories leading to two food regimes, and the description of the forces that push towards one or the other alternative. Nevertheless, due to its qualitative approach, the study is limited in its scope. Further development and examinations should include, among other things, extensive reviews of ongoing innovations, case studies of sustainability technology assessment, critical text analysis of public documents suggesting technological innovation as a sure way towards sustainability, and analysis of power relations within the system and their effect on innovation choices and sustainability.
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